found that when methionine was determined by performic acid oxidation of the protein, followed by acid hydrolysis and chromatographic separation of methionine sulphone, results obtained with heated materials were lower than with control materials. To guard against possible artifacts resulting from the method of analysis, one laboratory determined the amino acid composition of the unoxidized protein and another laboratory carried out the determination on the protein oxidized with performic acid.
EXPERIMENTAL

Materials
Three preparations of cod muscle were selected from a larger series (Miller et al. 1965) to represent extremes of protein quality. The materials were: C23, control freeze-dried cod muscle; C35, the control material heated for 27 h at 116' and 13.8% moisture in a sealed container under an atmosphere of N,; C25,90 parts dry matter of control material mixed with 10 parts by weight of D-glucose and heated for 27 h at 8s0 and 13'4% moisture in a sealed container under an atmosphere of N,. Full details of the preparation of these materials were given in the preceding paper of this series (Miller et al. 1965) .
Analytical procedures Nitrogen content
Nitrogen was determined by the Kjeldahl method using a macrodigestion procedure (Association of Official Agricultural Chemists, 1960) followed by semi-micro distillation of the ammonia produced into 1% boric acid containing a mixed indicator and titration with o * o~q~-H C l (Ma & Zuazaga, 1942) .
Total amino acids
Laboratory A . A sample containing approximately IZ mg nitrogen was hydrolysed by refluxing with 6 N -H C~ for 24 h in an oil-bath at 130'. The ratio of acid volume to sample weight was kept as near as possible to 200 ml 6 N -H C~/~ mg nitrogen (Dustin, Czajkowska, Moore & Bigwood, 1953) . The hydrolysate was made up to sooml, I ml was measured into a 5 ml beaker, 0-1 pmole norleucine was added as an internal standard and the whole was taken to dryness in a vacuum desiccator over CaCI, and CaO. The amino acids were redissolved in I ml 0.1 N-HCl, quantitatively transferred to a column of Chromobeads Type A resin and the eluate was analysed with a Technicon AutoAnalyser (both from Technicon Instruments Co. Ltd, Hanworth Lane, Chertsey, Surrey). The buffer solutions and procedure were those of Piez & Morris (1960) , except that the pH 2-9 buffer was made with 5 % (v/v) aqueous methanol to improve the resolution of threonine and serine. Ninhydrin colour factors were calculated from a chromatogram of a standard mixture of pure amino acids, with norleucine present as the reference standard. No corrections were made for possible losses, even for threonine and serine, that might have occurred during acid hydrolysis.
Laboratory B.
A quantity of material containing 5-7 mg nitrogen was oxidized and hydrolysed according to the procedure of Bidmead & Ley (1958) . After reducing the hydrolysate to near dryness by rotary evaporation norleucine was added as an internal standard so that when the hydrolysate was made up to 50 ml the concentration of dissolved in 200 ml of water, and 25 ml thiodiglycol; the solids were dissolved in water and the whole was made up to 4500 ml.
(2) Buffer solutions pH 2-5, pH 3.0, pH 3.8: 900 ml stock buffer were titrated with 6 N-HC1 to the required pH, diluted to I l., and the pH was readjusted.
(3) Buffer solutions pH 2.5, pH 3.0 containing methanol: prepared as in ( 2 ) above but 55 ml methanol were added before diluting to volume.
(4) Buffer solution pH 5.0: 36.78 g Na,C,H,O,. aH,O, 62.5 ml 2 N-NaOH, 87.68 g NaCl and 25 ml of the BRIJ 35 solution were dissolved in 2250 ml water, titrated to pH 5-0 with 6 N-HCl, made up to 2500 ml with water, and the pH was re-adjusted to 5.0.
The volumes of the buffers used in the preparation of the gradient-elution device are given in Table I . Ninhydrin colour factors were calculated from a chromatogram of a standard amino acid mixture which had been subjected to the same process of oxidation, hydrolysis and ion-exchange chromatography.
Laboratory C. Cystine and methionine were determined by performic acid oxidation, hydrolysis and chromatographic separation of cysteic acid and methionine sulphone on a manually operated 40 cm x 1-46 cm column of Zeo-Karb 225 ionexchange resin (the Permutit Co. Ltd, London, W4), the amino acids being eluted with pH 2.8, 0.5 M citrate buffer as previously described (Miller & Carpenter, 1964) .
Recoveries of cystine and methionine added to the control cod muscle preparation and carried through all stages of the procedure were 99 yo and 93 % respectively. The methionine values were therefore multiplied by the factor 1.075. Lysine column using the conditions previously described. Results for each amino acid were calculated by reference to standard curves of ninhydrin colour developed with graded levels of the appropriate amino acid. Tryptophan was determined in Ba(OH), hydrolysates (Greene & Black, 1944) by modification (Miller, 1965, unpublished procedure) of the method of Horn & Jones (1945) based on the colour reaction withp-dimethylaminobenzaldehyde. A mean recovery of 94% was obtained for tryptophan added to samples of cod muscle and carried through all stages of the procedure, and apparent values were corrected accordingly.
RESULTS
The individual amino acid analyses obtained in laboratories A and B together with the values of the heated materials expressed relative to those of the control materials are given in Table 2 . Where duplicate results from one laboratory are reported, these were obtained by replication of all stages of sample preparation and hydrolysis. Cystine and methionine were not satisfactorily determined in hydrolysates of unoxidized protein. Cystine was detected in only two of the hydrolysates prepared by laboratory A. Methionine was calculated from the sum of methionine and methionine sulphoxide. Twice when the methionine sulphoxide peak was incompletely separated from the aspartic acid peak no value could be calculated. Tyrosine is destroyed in the procedure used by laboratory B and proline was not determined. The values obtained in laboratory C have been previously reported (Miller et al. 1965 ) but are included in Table 2 for comparison.
Heating cod muscle for 27 h at I I 6" caused a loss of cystine of approximately 60 % .
A small decrease in lysine ranging from 3 to 10% was noted in each laboratory. No other amino acid showed a consistent decrease in all the laboratories although individual results sometimes suggested destruction. Thus the 17% loss of serine found by laboratory B was not confirmed by laboratory A.
In contrast to the results obtained on heating cod muscle alone at 116O, heating for 27 h at 85' in the presence of D-glucose resulted in less destruction of cystine and greater loss of lysine, approximately one-third of each amino acid being lost. In addition the arginine content decreased by approximately 20 yo. The total contents of other amino acids were not affected.
The decrease in methionine content upon heating observed in laboratory C was not confirmed in the other laboratories. In a further investigation of this discrepancy, samples of C23 and C25 were oxidized with performic acid and hydrolysed in laboratory C and then analysed in laboratory B. The results, which are not presented in detail here, showed no change in methionine content with heating. leucine, phenylalanine, lysine and histidine. Their analyses were performed on the alcohol-precipitated protein of the flesh of cod and other fish, and so their materials may have differed from those analysed in the work described now. The decreases in total contents of essential and semi-essential amino acids brought about by heating cod muscle alone or in the presence of added carbohydrate are given in Table 3 along with results of studies on other proteins. Here apparent increases of amino acid content as the result of heat treatment are recorded as zero loss. Such increases can arise as a result of the known loss of ammonia on heating. I n every instance given in Table 3 (1962) was essentially that which gave the low values for heated cod muscle in laboratory C. Some workers reported small losses of other amino acids, but such losses were not found in all of the studies detailed in Table 3 . I n each of these studies, the heated protein was found by biological trials to be considerably poorer than the control material, and in no instance could the decreased value be predicted from the total amino acid composition. Also Bunyan & Woodham (1964) have reported amino acid analyses for two Peruvian anchovy meals, which were of very different quality in chick, rat and pig trials (Barber, Braude, Chamberlain, Hosking & Mitchell, 1964) , presumably as a result of spontaneous overheating, but differed in total methionine, lysine and tryptophan content by only 10, 1 1 and 22% respectively.
In each instance givm in Table 3 when a protein-carbohydrate mixture was heated, a large loss of lysine, arginine and cystine was reported. The conflicting results of damage to tryptophan may be due to the unsatisfactory methods available for tryptophan analysis. Also, the great difference reported by Ford (1962) in the stability on heating of arginine in white-fish meal and in dried skim milk may be attributed to the presence of carbohydrate in dried milk. I n a study of the effects of processing temperature on sunflower-seed meal (Renner, Clandinin, Morrison & Robblee, I 953), increasing severity of heating again resulted in progressive destruction of lysine, arginine and tryptophan (cystine was not determined), but no change in any other essential amino acid.
Chemical scores, calculated by comparison of the values given in Table 2 both with the F A 0 (1957) reference pattern of amino acids, which is based on the requirements of man, and with the stated amino acid requirements of the rat (Bender, 1 9 5 9 are given in Table 4 . I n our experience the standards of Bender for calculating chemical scores give values in accord with biological findings when applied to materials that have not been heat-damaged. Thus the cystine + methionine combination has been shown to be the limiting factor of fish protein for rats (Miller, 1956; Chalupa & Fisher, 1963) , and the chemical score of 93 for the control material (C 23) agrees with the determined biological value of 95. The poor agreement obtained by Wiechers & Laubscher (1962) using the 'target' figures of Bender was partly due to a misprint of these figures (Bender, 1960) 1 Cystine + methionine calculated as limiting.
Similarly the methionine available to the chick decreased from 3.4 g/16 g N for the control to 0.4 g/16 g N in the most severely damaged material, whereas the total methionine content remained unchanged. We conclude from both the present results and the literature reviewed that the failure of total amino acid analyses to indicate changes in protein quality brought about by heat treatment, as judged by several different criteria with rats and chicks, clearly indicates the limitations of such analyses for the nutritional evaluation of heat-processed foods. Our study thus confirms earlier conclusions based on work using microbiological methods for the assay of total amino acids.
SUMMARY I .
The amino acid contents of freeze-dried cod muscle, cod muscle heated for 27 h at 1 1 6~ and 13.8% moisture under N,, and cod muscle mixed with 10 parts by weight of D-glucose and heated for 27 h at 85" and 13-47; moisture under N, were determined in three laboratories by ion-exchange chromatography. 2. Heating cod muscle alone resulted in a large loss of cystine and a small loss of lysine. Heating cod muscle mixed with glucose resulted in losses of cystine, lysine and arginine.
